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Abstract 
Shell CO2 Storage B.V. (SCS) is planning for the injection of some 10 million tonnes of CO2 in two depleted gas 
fields Barendrecht (BRT) and Barendrecht–Ziedewij (BRTZ), onshore, Western part of the Netherlands. This paper 
describes the process of selection of a tailor-made conceptual design for transportation and compression of the CO2, 
requiring a helicopter view of the full system from source to sink over the 30 year injection life cycle of the project. 
The concepts considered, selection criteria used and the selected concept will be subsequently discussed. The 
evaluation has eventually resulted in the selected concept of booster compression to 40 bar near the source, pipeline 
transport and an additional injection compressor at the injection well sites. Since the project will be situated in a 
densely populated area and is considered by many as a “new” activity, and because the success of the project is 
primarily defined by its safe execution, the project team has taken a “safety first” approach from the beginning of 
the project. For the conceptual design this has meant, among others, a drive to avoid uncertainties and/or to make 
(very) conservative assumptions in case uncertainties could not be avoided. The conservative approach has evolved 
in project-specific measures within the selected concept.  
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1. Barendrecht CO2 storage: onshore permanent CO2 sequestration 
The Barendrecht onshore gas fields are situated 10 km south of the city of Rotterdam. The area contains two 
depleted gas fields, Barendrecht (BRT) and Barendrecht-Ziedewij (BRTZ), both in an advanced state of depletion. 
Gas production commenced in the late 90’s. Shell CO2 storage B.V. (SCS) plans to permanently store 10 mln 
tonnes of pure CO2 over a period of circa 30 years in the Barendrecht Gas fields, making use of the available pore 
space where natural gas has been stored over millions of years. The small BRT field, depth of 1700 meter will be 
filled first over a period of 3 years. Subsequently, injection topside facilities will be moved 3 kilometers further to 
the BRTZ field, depth 2800 meter, for an injection period of 27 years. Maximum injection rates for the fields are 53 
and 105 tonnes CO2/hour for BRT and BRTZ respectively. Existing gas production wells will be converted to CO2 
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injectors, one injection well per field. Injection will continue until the storage reservoir pressure has approached the 
initial reservoir pressure with a safety margin of 3-5%. Dimensions of the project are shown in the table below: 
 
 
 
BRT Field 
 
BRTZ Field 
 
Initial reservoir pressure (bara) 
174 314 
 
Initial reservoir temperature (oC) 
70 107 
 
Depleted reservoir pressure at start CO2 injection (bara) 
Ca 30 Ca 40 
 
Initial surface injection pressure at start CO2 injection (bara) 
60-70 @ 53 tonne/hr 40-50 @ 105 tonne/hr 
 
Final surface injection pressure at end of injection (bara)  
110-140  140-150 
 
CO2 storage volume (mln tonnes) 
0.8 9.5 
Table 1 Dimensions of the Barendrecht and Barendrecht-Ziedewij fields 
The source of the CO2 is the Gasification Hydrogen Plant (SGHP) at the Shell Pernis refinery, located some 17 
kilometers west from the BRT field. This plant currently produces nearly pure and dry CO2 as a byproduct. About 
400 ktonne of the CO2 produced annually from the process is already delivered via a compressor station near the 
refinery and pipeline network to the local greenhouses for enhancement of crop growth (mainly during the summer 
months) and local beverage industry. About 400 ktonne per year is available for geological storage. The CO2 is 
delivered at nearly atmospheric conditions from the SGHP, and already compressed in 4 stages to 12-21  bar. 
2. From source to sink; different routes can lead to Rome 
A helicopter view of the full transport and injection system from source to sink over the 30 year life cycle of the 
project is required as a first step in selection of the system configuration of compressors, pipelines and injection 
facilities. Plotting the source and sink conditions at start and end of injection in the CO2 pressure-temperature phase 
diagram illustrates clearly the ‘terrain’ the CO2 will need to cross when transported and injected, which is situated 
near or at the phase boundary (saturation line) and critical point. 
 
Figure 1 Phase diagram of CO2 with source and sink conditions 
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Figure 1 shows the near atmospheric delivery conditions of CO2 from the hydrogen plant. The CO2 is currently 
compressed to 12-21 bar by an existing compressor station. The project team was faced with the challenge to move 
from source to sink with a transport and injection system fit for both BRT and BRTZ storage over the full injection 
lifetime, in line with the design philosophy of preferably no phase changes. It can be concluded from Figure 1 that 
several routes would be feasible and would need to cope with potential phase changes due to the nearby phase 
boundary and a wide range of injection and storage conditions. In fact, the sink conditions dictate the conceptual 
configurations to a great extent, which forms a key attention point when facing CO2 sequestration in depleted gas 
fields, as opposed to injection into an aquifer. Aquifers are usually un-depleted and often its injectivity is lower, 
leading to relatively stable but high pressure injection conditions in the supercritical area of the CO2 phase envelope. 
Often injection can be realized by means of pumping the CO2 in as a liquid. For depleted gas fields, injection 
conditions vary significantly over the system life as the reservoir fills and usually initial injection conditions are in 
the gaseous phase. For Barendrecht the injection conditions move into the supercritical area, closely passing the 
critical point and phase boundary. Other features are the specific physical and chemical characteristics of CO2 
compared to natural gas, requiring the project team to change mindset. Key difference between CO2 and natural gas 
is the explosiveness of gas is while CO2 is an asphyxiate. Furthermore, CO2 has a higher molecular weight (44 
versus ca. 18 for natural gas), changes phase at relatively normal operating conditions and is corrosive in 
combination with water. 
3. Brainstorm of  configurations of transport, compression and injection facilities 
The first step towards conceptual design was a structured brainstorm of project-specific compressor and pipeline 
configurations connecting source and sink, while actively using the phase diagram in the background. Subsequently, 
a high level feasibility check on the options was performed. The brainstorm resulted in four concepts to be evaluated 
further, shown in the figure below.  
Figure 2 Concepts for further evaluation; pipeline diameters are indicative.  
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The routes in the phase diagram are plotted in the figure below for two of the concepts. 
 
Figure 3 Phase diagram with source-to-sink routes for two concepts: Option A (red lines), C (blue lines) – 
including existing 4 stage compressor at the Pernis refinery. Compression plus after-cooling steps are shown 
as straight line (without separate stages including compression and cooling steps) for simplicity. In practice 
the compressor stage will increase temperature and pressure first, followed by after cooling, preferably not 
crossing the phase boundary. 
A key feature of options A and B is the need to reduce the pressure of the CO2 arriving at the injection sites in the 
early years of injection, since the required injection pressure is lower than the pipeline pressure. This means that the 
CO2 cools down upon depressurization leading to condensation or solidification. This can be avoided, in view of 
well and compressor operational stability, by preheating the CO2, leading to an increase in costs and energy 
consumption. However, high pressure CO2 transport decreases the required pipeline diameter and therefore costs, 
but will on the other hand increase the pipeline and facility risk contours. 
4. Selection Criteria 
In order to arrive at a selected concept an evaluation based on pre-defined screening criteria was performed for 
over the full range of technical, economical, commercial, organizational, political and societal dimensions and risks 
of the project. The priority or importance of particular screening criteria is normally project specific. In the table 
below the priority of the screening criteria for Barendrecht are included, compared with a typical offshore project, in 
order to show that given the project-specific circumstances, other selection criteria might prevail. 
   
Selection criteria 
 
Priority for Barendrecht 
(onshore CCS project) 
 
Priority typical offshore CCS 
project 
 
Investment costs 
M H 
 
Operating costs 
M H 
 
Energy consumption, CO2 balance 
efficiency 
M M 
Compression (4 existing
+ 1 new stage booster)
Including after cooling
Per stage to 40 bar
Compression (4 existing
+ 3 new stage compr)
Including after cooling
Per stage to 180 bar
Uninsulated pipeline
Uninsulated pipeline
Preheating
Choking to injection pressure
Compression (1 stage)
To injection pressure,
Incl after cooling
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Operability 
M H 
 
Permits, external safety zones & (mining & 
CCS) legislation 
H M 
 
Environmental impact (noise, emissions, 
light, visibility, landscape) 
H M 
 
Plot space, layout 
M/H H 
 
Phase changes  
H H 
 
Mobility of equipment 
H M 
Table 2 Selection criteria for CO2 compression and transport systems; M = Medium, H = High. This ranking 
was indicatively made to qualitatively compare onshore versus offshore project for a particular criterion, not 
to rank the criteria versus each other within a project.   
An example of a difference in the priorities of the selection criteria between BRT (onshore CCS project) and a 
typical offshore CCS project is that investment and operating costs for offshore are generally higher, and therefore 
play a more important role. Since an unmanned offshore injection site and transportation pipeline are less easy to 
reach by operators, operability is usually more important for offshore CO2 storage. Since pipelines do not run 
through populated areas, safety is less critical. Plot space offshore is in general more limiting than onshore.  
Note that this paper compares different options for connecting a given source and sink. This typically takes place 
after field (sink) selection, for which another set of selection criteria applies, outside the scope of this paper. 
5. Evaluation and Selection 
The concepts of the previous paragraphs were evaluated and ranked against the selection criteria. The comparison 
of the configurations has been qualitatively represented by the simplified matrix below, ranking the options 
relatively versus each other by simple pluses and minuses resulting from and supported by performed study work on 
the concepts as basis. Selection criteria that have ranked a minus or double minus do not necessarily imply that an 
option is not feasible to this respect, but show that the option is less attractive compared to the other options within 
this criterion.  
 
Selection criteria 
 
Option A: 
180 bar 
pipeline, all 
compression 
near source 
 
Option B: 80 
bar liquid 
pipeline 
injection 
pumping 
 
Option C: 40 
bar pipeline, 
injection 
compression 
 
Option D: 20 
bar pipeline, 
injection 
compression 
 
Investment costs 
+/- +/- +/- - 
 
Operating costs 
- - - +/- +/- 
 
Energy consumption, CO2 balance 
efficiency 
- - - +/- +/- 
 
Operability (also synergies with existing 
CO2 system) 
- - +/- + 
 
Permits, external safety zones and (mining 
& CCS) legislation 
- - - +/- + 
 
Environmental impact (noise, emissions, 
+ + +/- - 
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light, visibility, landscape) 
 
Phase changes 
- - + + 
 
Plot space, layout 
+ +/- +/- - 
 
Mobility of equipment 
+ +/- +/- +/- 
Table 3 Selection matrix for options A,B,C,D 
The conclusion of the selection process was that Option C is the most attractive in the case of BRT and BRTZ 
CO2 storage. Key differentiators for the final selection were that Option C has synergies with the existing CO2 
system for the greenhouses, comprises a fair balance between external safety zones and the required pipeline 
diameter by selecting a medium operating pressure of 40 bar, and no additional heating is required for the early 
injection phases (one system fits all operating conditions). Although the injection compressor station for Option C 
has relatively low power and size, the installation of compression at the well site creates locally a limited 
incremental effect with regards to noise and visibility, while this effect is less for Options A and B. The 
environmental impact of the injection compressor has however been investigated in [1] and is considered acceptably 
low and feasible, also because the compressors are built on an existing well locations.  An illustrative and schematic 
picture of the BRT concept is shown in the figure below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 Schematic picture of the selected concept for Barendrecht CO2 storage. 
6. Conservatism and subsequent design measures within the selected concept 
Since the project will be situated in a densely populated area and is considered by many as a “new” activity, and 
because the success of the project is defined by its safe execution, the project team has taken a “safety first” 
approach from the beginning of the project. For the conceptual design this has meant, among others, a drive to avoid 
uncertainties and/or to make (very) conservative assumptions in case uncertainties could not be avoided. In some 
cases anticipation to future legislation led to conservatism in the design at the time. This conservative approach has 
often resulted in additional design measures within the selected concept. Key examples of avoiding uncertainties are 
the definition of minimum temperatures to avoid phase changes, use of very dry and pure CO2, gas-phase pipeline 
transport and a system which works its way around the critical point of CO2 without a single phase change over the 
full chain and over the full lifecycle, as discussed in the previous paragraphs. Another example of conservative 
assumptions is the assumed CO2 probit function used for making a quantitative risk assessment and pipeline failure 
probabilities for full rupture in pipeline tunnels. Below some of the resulting design measures are discussed.   
A minimum temperature limit was set at two locations in the transport and compression system to avoid phase 
changes from gas to liquid, condensation. For the non-insulated pipeline the minimum soil temperature was selected 
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at +5
o
C, a condition that can only occasionally occur during very cold winter conditions. Subsequently the design 
and operating pressure of the pipeline (40 bar) was selected resulting in a minimum 5
o
C margin versus the 
condensation point as all times. Liquid CO2 could cause operational upsets and damage to the reciprocating 
compressor. The nearly pure CO2 stream could, in case of a significant temperature drop, lead to a large part of the 
CO2 being condensed. Mitigation by installation of slug catchers and associated equipment would increase 
operational complexity and costs. Operational instructions and controls, for example decreasing the pipeline 
pressure in case of low temperature detection, will be implemented. The second point in the process where a 
minimum temperature will be set is the well injection temperature (injection compressor outlet). Due to subsurface 
uncertainties, the exact behavior and consequences of gaseous CO2 continuously condensing in the injection well is 
not fully known. Operation near or at the phase boundary inside the well could potentially lead to unstable 
condensation and evaporation of CO2 in the well, potentially causing fluctuation of injection pressures, which can 
impact the compressor operations and increase the chance of more frequent (unplanned) maintenance. Furthermore, 
the liquid CO2 entering the reservoir could increase the risk of fracturing the formation. Lastly, large temperature 
differences in the well could also threaten mechanical integrity (cement). Mitigation of this issue was realized by 
setting the minimum injection temperature at 5
o
C above the critical point at 36
o
C. The injection compressor is used 
to increase the CO2 stream temperature, which enters at pipeline conditions. 
  In view of the requirement of both SCS and the authorities not to fracture the reservoir due to CO2 injection 
throughout the full injection lifecycle, the injection compressor will be equipped with a flow control system. 
Extensive study work [1] with models and on analogue fields show the probability of a fracture is low and its 
consequence for non-containment of the storage formation is negligible. The measures enable the injection rate to be 
lowered when fracturing is expected at any time during injection, also in case requested by the authorities. Flow 
control by a choke is not preferred due to phase changes.  
A sufficiently low water content of the CO2 is another key aspect to be secured in the Barendrecht design. 
Therefore additional dew point measurements will be installed at the booster compressor outlet and the injection 
compressor inlet to ensure that during pipeline transport no additional water was added to the CO2. Too high water 
content can lead to a corrosive environment inside the facilities and injection wells. The corrosiveness could 
potentially be enhanced by the presence of small traces of hydrogen (sulphide) and oxygen. The current maximum 
water concentration limit applicable is 40 ppm. 
For the Quantitative risk assessment of the facilities of the project [2], a conservative and relatively simple probit 
function for the health effects of CO2 on people was defined and used, since the Rijksinstituut voor 
Volksgezondheid en Milieu (RIVM, the Dutch institute for Health and Environment on behalf of the government) 
has not yet set a formal probit function for CO2. After an extensive literature research the selected probit function 
was based on no fatalities below 5% CO2 in air and 100% fatality above 10% in air at 30 minutes exposure. In the 
meantime the governmental “Expert committee probit functions” has concluded after review that this selected probit 
function is conservative. When compared to the probit function defined by the Health and Safety Executive the 
selected function for the Barendrecht QRA is very cautious. This conservative correlation contributes to a robust 
facility design with regards to external safety.  
Mobility of the injection facilities formed another key requirement. After completion of injection in the BRT 
field, facilities should be re-used at BRTZ. The system therefore consists out of a skid mounted injection 
compressor system and a CO2 injection skid to connect to the injection well. The injection skid (named Carbon 
Dioxide Injection Skid - CDIS) is a modified and reversed so-called KISS (Keep-It-Smart and Simple) hook-up skid 
applied successfully in the Netherlands for on-shore small gas field developments. The skid required several tailor-
made modifications to ‘adapt it to CO2’ and suitable for injection into a well rather than producing natural gas from 
it; i.e. its functionality was transformed from gas production to CO2 injection, including specific safeguarding to 
protect the subsurface storage reservoir. Modifications on the skid are for example the specific vent line and vent 
pipe design, specific operational procedures, removal of the choke functionality to avoid phase changes (injection 
compressor controls injection rate), lower design temperatures in case of depressurization or leaks and additional 
process heat tracing. Also acoustic leak detection will be installed near the hook-up skid and injection wells. An 
artist impression of the CDIS is shown below. 
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Figure 4 Carbon dioxide injection skid 
 
To anticipate legal requirements for longer monitoring of CO2 injection wells (compared to gas wells), after stop 
of injection and move of the injection topside facilities to BRTZ but prior to full abandonment, the hydraulic well 
control unit at BRT is planned to be equipped with a separate annulus and tubing head pressure measurement 
system, sending data via GPRS, which will remain in place at the site during the pre-scribed monitoring period.  
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